Energy storage equipment is an important part of integrated energy systems, but the construction and operational costs of it are great. Therefore, it's difficult to apply energy storage equipment on a large scale. As an alternative measure, adjusting controllable loads including electric vehicles (EVs) and air conditioning loads jointly can transfer loads across time periods and reduce variation difference between heat and electric loads. These controllable loads can be regarded as ''virtual energy storage system''. Managing the charging of EVs and heat storage of buildings, a joint virtual energy storage system including electric energy storage and thermal energy storage is proposed in this paper. Then, these models are integrated into a scheduling model for regional integrated energy system (RIES). The charging/discharging power management of joint virtual energy storage systems can be realized by arranging the charging of EVs based on vehicle-driven rules and by adjusting building indoor temperatures within the temperature comfort range. Finally, simulations are carried out to demonstrate the effectiveness of the scheduling method. Simulation results show that the RIES optimal scheduling model considering joint virtual energy storage can reduce operational costs. The stability of RIES is improved with the combination of virtual electrical and thermal energy storage.
I. INTRODUCTION
Adequate energy supply plays an important role in the process of social development. With low efficiency and high emission, the traditional energy system results in waste of energy and environmental pollution [1] . In recent years, the rapid development of renewable energy technologies, mainly wind power and photovoltaics (PV), has provided a variety of low-carbon solutions for energy supply. However, the uncertainties of renewable energy and the independent operation of energy networks lead to energy inefficiency and limited economic benefits [2] . To solve these problems, the energy field proposes the concept of the ''energy internet'', which uses energy cogeneration equipment, conversion equipment and storage equipment to realize the joint operation of gas, The associate editor coordinating the review of this manuscript and approving it for publication was Amjad Anvari-Moghaddam . electricity and heat systems and make full use of renewable energy. The energy internet takes an integrated energy system (IES) as a physical network and uses an information system to guide energy flow for transmission, conversion and supply [3] . In cities, the RIES is located on the energy load side and covers an area of several square kilometers to meet the multiple energy demands of users in the ''regions'' such as functional buildings or blocks and to absorb the distributed energy sources [4] . The regional electricity and heat multi-energy system, based on combined cooling, heating and power (CCHP) microgrid, is an important form of RIES [5] . In RIES, the coordination of various energy systems can achieve multi-energy complimentary to improve energy efficiency and promote sustainable development.
Based on the equipment configuration of an RIES, reasonable scheduling plans can be formulated. These plans can flexibly utilize renewable energy and realize the economic and low-carbon operation of energy systems. Reference [6] established a general model of centralized busbars for CCHP microgrid systems and proposed a dynamic scheduling method for CCHP microgrids with economic optimality as the objective function. Considering the uncertainty of EV charging and discharging, [7] , [8] proposed economic dispatching methods for RIESs. By rationally arranging the charging behavior of EVs, the economy of RIES and the ability to absorb renewable energy can be improved. References [9] , [10] further subdivided the regional energy supply and demand relationships into three busbars (the electricity, cold and heat busbars) to establish a more refined multi-energy supply structure and proposed an optimal operation method for the established multi-energy system. In the presence of real time demand response guided by energy price, [11] proposed a multi-objective RIES scheduling model that includes reducing carbon emission and operation cost. References [12] , [13] established models for interruptible loads of electrical and thermal power. Considering integrated demand response, energy management strategies are proposed to improve the economy of RIES.
Energy storage equipment, which plays an important role in RIESs, assists energy systems in utilizing renewable energy and cheap electricity. It also promotes the economic and stable operation of the system by transferring loads across time periods. However, current energy storage devices have high costs and long investment cycles. Large-capacity energy storage technology is still immature worldwide. Realizing the economic operation of energy systems with large-capacity energy storage devices still requires in-depth research [14] . Moreover, through the guidance of economic measures, some controllable loads can also play a similar role in transferring loads across time periods. Therefore, ''virtual energy storage systems'' can be constructed for the purpose of economic dispatching by analyzing the characteristics of user-side controllable loads. In [15] , the idea of constructing ''virtual thermal energy storage'' was proposed based on the comfort levels of customers at different indoor temperatures and the thermal characteristics of buildings. By utilizing the heat storage capability of buildings and adjusting the indoor temperature at different time periods, virtual energy storage realized the translation of the thermal load. In [16] , the thermal balance equation of buildings was linearized, the quantitative mathematical relationship among the indoor temperature, refrigeration power and outdoor environment was constructed to form a building-based ''virtual thermal energy storage model'', and an economic dispatching method for integrated energy buildings was proposed. Based on demand response, [17] utilized virtual thermal energy storage with heat tanks together to minimize the annual costs and CO 2 emissions of RIES. Reference [18] examined the combined optimization of EVs and batteries and decreased operating costs of RIES using EVs as dynamic energy storage device and batteries as manageable demand facility. The virtual thermal energy storage model and dynamic electrical energy storage model proposed in these current research works focused only on adjusting air conditioning loads (ACLs) or charging load of EVs to achieve economic performance. However, this single virtual energy storage mode may destroy the trend balance between the electrical and heat loads, which is not conducive to the stable operation of multi-energy systems.
Existing research works have made good contributions to the economic dispatch of RIES. However, only EVs or ACLs was considered as controllable loads to improve the economy of RIES alone. From the point of view of integrated energy consumption, both electric and heat controllable loads can be adjusted jointly to achieve better performance on economic and stable operation.
EVs and ACLs, as user-side electric loads and heat loads, have flexible and controllable characteristics. The system can arrange different charging schemes for electric vehicles with different vehicle-driven rules and adjust the indoor temperatures of buildings within the temperature comfort range. It allows the EVs and ACLs to produce a charge-discharge process similar to energy storage equipment. Virtual electrical energy storage and virtual thermal energy storage systems, formed by charging station of EVs and ACLs, can independently transfer electric loads and heat loads and cooperate with each other. As a result, the capacity of real energy storage equipment can be reduced by the application of the joint virtual energy storage system. Though large-capacity energy storage technology is still immature, the economy, energy efficiency and stability of RIES operations can also be improved with the help of the joint virtual energy storage system. The joint virtual energy storage system can promote the sustainable development of multi-energy systems with high efficiency and low emission. Under a summer refrigeration scenario of an RIES, this paper uses the electric vehicle charging management method and the heat storage capability of buildings to construct the RIES virtual electrical energy storage and virtual thermal energy storage model, respectively. An optimal RIES scheduling method based on virtual energy storage theory is proposed in this paper. The main contributions of this paper are as follows:
• A joint virtual energy storage system including electrical energy storage and thermal energy storage is proposed in this paper. Based on the characteristics of the main types of EVs and the parking and charging rules of EVs, the virtual electric energy storage model considering the random charging behavior of electric vehicles is established. Based on the heat storage capability of buildings and the refrigeration requirements of users, the virtual thermal energy storage model is established with ACLs.
• The virtual electrical energy storage and virtual thermal energy storage system models are constructed in the optimal RIES scheduling model. The temperature comfort level and charging demand of various EVs are added to the constraints of the model to optimize the charging/discharging states of the virtual energy storage, reduce the RIESs operational costs and improve the stability of the RIES.
• Considering the power price and weather factors, the joint virtual energy storage system is compared with real energy storage equipment. Also, the characteristics and causes of energy charging/discharging of the joint virtual energy storage system are analyzed.
II. THEORY OF VIRTUAL ELECTRICAL ENERGY AND THERMAL ENERGY STORAGE
In energy systems, energy storage devices can realize the transfer of loads across time. The general operational equation of energy storage devices is as follows:
Under the premise that the residual energy of the energy storage device, E(t), does not exceed the energy storage capacity, the charging power and the discharging power in each period can be optimized to utilize cheap energy. The peak energy load is reduced to improve the economics and stability of the system's operation. If a controllable load can be optimized to achieve the effect of load translation and peak reduction, which is similar to that of energy storage equipment, the controllable load can be used as ''virtual energy storage'' to participate in the optimal dispatching. EVs and ACLs are the main controllable loads that can be used as virtual energy storage.
A. VIRTUAL ENERGY STORAGE MODEL OF AIR CONDITIONING LOADS
According to the conservation of energy, the variation of the heat of indoor air has the following thermal equilibrium equation [19] , [20] :
where the variation value of the indoor air heat energy, Q, is the product of the air density, ρ, air specific heat capacity, C, air volume, V and change rate of the indoor temperature, dT in /dτ . Considering the main factors affecting the heat inside buildings, the differential equation is given:
where k wall is the heat transfer coefficient of the external wall, S wall is the external wall area, T out (t) is the outdoor temperature, T in (t) is the indoor temperature, k win is the heat transfer coefficient of an outer window, S win is the area of the outer windows, G(t) is the solar radiation intensity at time t, p in (t) is the thermal power of the objects in the building at time t, and L air (t) is the value of the ACLs at time t, which controls the indoor temperature [21] . In buildings, due to the thermal insulation effect of walls and other structures, the process of heat exchange between indoor and outdoor is slow, and the indoor temperature won't change rapidly.
(3) shows that adjusting the indoor temperature within the temperature comfort range can increase the ACLs in advance when the electricity price is low. When the electricity price becomes higher, ACLs can also be reduced. The adjusting of ACLs can realize charging/discharging power characteristics which is similar to those of energy storage equipment.
B. VIRTUAL ENERGY STORAGE MODEL OF ELECTRIC VEHICLES
For a long time, charging behavior will still be the main energy consumption behavior of EVs in the power system. There are a large number of EVs in cities. It is not realistic for dispatching agencies to influence charging behavior over a wide range. In the same region, the types of EVs and parking rules are relatively fixed. It is feasible to optimize the charging behavior of EVs by focusing on regional charging stations. In a region, considering the immediacy of the power supply, the charging demand of EVs is as follows:
where p charge is the charging power of the charging pile, N charge (t) is the number of charging EVs at time t, N on (t) is the number of EVs connected to charging piles at time t, and N off (t) is the number of EVs disconnected from charging piles at time t. According to (4), considering the parking rules for EVs and the requirements of peakvalley load differences, regional charging stations can optimize N charge (t) by using time-of-use electricity pricing, and realize charging/discharging power characteristics similar to energy storage equipment, and participate in the optimization of energy dispatching. Based on the virtual electrical energy storage and virtual thermal energy storage system model, the equation for the charging/discharging of power by a joint virtual energy storage system is as follows:
The charging/discharging power value of the joint virtual energy storage system, p vse (t), (the charging state takes a negative value and the discharging state takes a positive value) is the difference between the load value before the joint virtual energy storage system is established, p before (t), and the load value after the joint virtual energy storage system is established, p after (t).
III. STRUCTURE AND MODEL OF AN RIES WITH JOINT VIRTUAL ENERGY STORAGE SYSTEM A. TYPICAL STRUCTURE OF RIES
Currently, the main application object for an RIES is an industrial park. This paper takes the summer refrigeration scenario of an RIES as an example to study the optimal scheduling method of an RIES considering virtual electrical energy storage and virtual thermal energy storage systems. The energy production devices in RIESs include gas turbines and boilers, and photovoltaic arrays. Energy storage devices include batteries and heat tanks. Energy conversion devices include heat pumps, electric coolers and absorption chillers. Loads include electrical loads (electricity for production and EVs), heat loads (heat for production) and cooling loads (cold energy for production and ACLs). The energy supply structure of the system is shown in Fig. 1 .
B. OVERVIEW OF SYSTEM OPERATIONAL MODE
In RIESs, electrical energy and thermal energy are mainly generated by gas turbines and their boilers. The distribution network and photovoltaic arrays are supplementary sources of electrical energy. Small-capacity batteries and heat tanks can decouple the electrical energy and the thermal energy and reduce the energy waste by transferring the energy across time periods. ACLs and EVs, which constitute a joint virtual energy storage system, participate in the economic operation of RIESs by realizing the load translation function as energy storage equipment.
IV. OPTIMAL SCHEDULING MODEL OF RIES CONSIDERING JOINT VIRTUAL ENERGY STORAGE SYSTEM A. OPTIMAL SCHEDULING MODEL CONSIDERING THE RANDOM CHARING OF ELECTRIC VEHICLES
The optimal scheduling method for regional integrated energy systems considering joint virtual energy storage systems needs to consider the impact of uncertainty.
For the weather factors that affect ACLs, the typical curve of solar radiation intensity and the outdoor temperature can be formed, based on regional weather data, to address the weather uncertainty. For the regional charging load of EVs, Monte Carlo simulation can be used to generate a large number of scenarios to simulate the operation of various EVs in the region based on the probability distributions of the parking start time, parking end time and initial SOC. Then, the scenario reduction method (the method is introduced in Appendix B) can be used to integrate several typical scenarios. These typical scenarios, with a high probability of occurrence, can be used as the input for the virtual energy storage optimization scenarios [10] . Considering the typical charging scenario of EVs, the objective function of the scheduling model is as follows:
If there are N typical scenarios, the probability of the typical scenario n is η n , and the optimal value of the objective function satisfying the constraints in typical scenario n is F n . The expected value, ξ , of the optimal objective function in all the typical scenarios is the sum of the products of η n and F n for the N scenarios [29] . The solution flow chart of the optimal scheduling model is shown in Fig. 13 in Appendix A.
The objective function F n and constraints under each scenario are shown as follows, scenario symbol n is omitted in expressions.
B. OBJECTIVE FUNCTION
The indoor temperature adjusted by the ACLs should be controlled within the temperature comfort range. The charging demand of EVs should be satisfied, and a small peakvalley difference of the charging load of EVs should be maintained. The application of joint virtual energy storage systems to RIESs in industrial parks should take these factors into account. On this basis, an optimal scheduling model for an RIES is built. The optimal scheduling model minimizes the operational costs on the basis of meeting regional energy demands and users' comfort requirements. Therefore, the objective function is divided into two parts: the economic VOLUME 7, 2019 costs and a penalty for not meeting the comfort demand and peak-valley difference constraints.
(ω j,om p j (t))
where the first term in (7) represents fuel cost, ω g is natural gas price, and p g,gt (t) is input power of natural gas, which is mainly used for gas turbine. t is the unit time interval. The total number of daily scheduling periods, D, is 96. The second term represents the operational and maintenance costs of the system, p j (t) is the output power of device j at time t, ω j,om is the unit operational and maintenance cost of device j.
The third term represents the power purchase cost, ω eb (t) is the electrical power purchasing price at time t, p eb (t) is the purchased electrical power at time t, ω es (t) is the electrical power selling price at time t, p es (t) is the sold electrical power at time t, and ω pvs (t) is the subsidy for a photovoltaic connection to the grid. The fourth term represents the carbon tax, which is used to measure the environmental effects of an RIES. ω ctax is the value of the carbon tax, e gas is the CO 2 emission rate of natural gas, e grid is the CO 2 emission rate of the traditional power plant, and η grid is the transmission efficiency of the power grid. The fifth term is the penalty function, and k ev is the peak-valley difference of the charging load of EVs [22] . γ e is the penalty factor for k ev , T in (t) is the indoor setting temperature, T comf is the most comfortable indoor temperature, and |T in (t) − T comf | is the absolute value of the temperature difference between T in (t) and T comf . γ h , which is called the sensitivity factor of users, is the penalty
The natural gas consumption and the electrical and thermal energy outputs of a gas turbine and its heat boiler equations are as follows:
p min e,gt x gt (t) ≤ p e,gt (t) ≤ p max e,gt x gt (t) p e,gt (t + 1) − p e,gt (t) ≤ R gt t (8) where p e,gt (t) is the electrical power output of the gas turbine, p max e,gt /p min e,gt, is upper/ lower limit of p e,gt (t). p h,gt (t) is the output of the heat boiler. x gt (t) is the dispatching factor for the gas turbine. When the gas turbine is running, x gt (t) takes a value of 1, otherwise it is 0. R gt is the ramp-up rate for the gas turbine. a 1,gt , a 2,gt , b 1,gt , and b 2,gt are constant coefficients.
The output expression for the photovoltaic array is as follows: p e,pv (t) = η e,pv S pv G pv (t) (9) where η e,pv is the conversion efficiency, S pv is the area of the photovoltaic array, and G pv (t) is the unit solar radiation intensity.
2) CONSTRAINTS OF ENERGY STORAGE DEVICES
The operational equation of the battery is as follows [19] :
where E es (t) is the residual energy of a battery, σ es is the self-discharge coefficient, E es,min /E es,max is the lower/upper limit of E es (t). p es,ch (t), the upper/ lower limit of which is p max es,ch /p min es,ch , is the charging power of a battery. p es,dis (t), the upper/ lower limit of which is p max es,dis /p min es,dis , is the discharging power of a battery. η es,ch /η es,dis is the charge/discharge efficiency of a battery. x es,ch (t) and x es,dis (t), which represent the charging and discharging states, are binary variables. The sum of x es,ch (t) and x es,dis (t) is less than 1, which means that battery cannot discharge and charge at the same time.
The operational equation of the heat tank is as follows: 
where E hs (t) is the residual energy of the heat tank, σ hs is the heat dissipation coefficient, E hs,min /E hs,max is the lower/upper limit of E hs (t). p hs,ch (t), the upper/ lower limit of which is p max hs,ch /p min hs,ch , is the charging power of heat storage. p hs,dis (t), upper/ lower limit of which is p max hs,dis /p min hs,dis , is the discharging power of heat storage. η hs ch , η hs di is the charge/discharge efficiency of the heat tank. x hs,ch (t), x hs,dis (t), which represent the charging and discharging states, are binary variables. The sum of x hs,ch (t) and x hs,dis (t) is less than 1, which means that the heat tank can't discharge and charge at the same time.
3) CONSTRAINTS OF THE JOINT VIRTUAL ENERGY STORAGE SYSTEM
The operational constraints of a virtual thermal energy storage system based on the heat storage capability of buildings are as follows [24] : (12) where the indoor temperature, T in (t), should be adjusted within the temperature comfort range, the upper/lower limit of which is T max in , T min in [19] . In a region with I EVs and J charging piles, the 0-1 matrix X I * J * T is defined to represent the charging states of the EVs. The matrix element x vc i,j (t) represents the charging state of EV i on charging pile j at time t. If EV i is connected to charging piles, x vc i,j (t) has a value of 1, otherwise it is 0 [23] , [25] , [26] . The operational constraints of virtual electrical energy storage based on regional charging stations are as follows:
L vc,ch arg e (t) = j j=1 p vc,ch arg e x vc i,j (t)
For EV i, there are parking start times, t i,start , and parking end times, t i,end . Beyond the parking time, EV i cannot be charged and x vc i,j (t) takes a value of 0. During the parking time, EV i can be charged with charging power p vc,charge to satisfy the power shortage Q c i of EV i. Q c i can be calculated from the state of charge (SOC) soc i (t i,start ) and the battery capacity E vc,i of EV i at t i,start .
Constraints are imposed on x vc i,j (t) to ensure that at the same time, each vehicle is charged by only one charging pile, and each charging pile charges only one vehicle. The sum of the charging power output from all the charging piles at time t is the total charging load, L vc,charge (t), at time t.
4) CONSTRAINTS OF ENERGY CONVERSION DEVICES
The operational equations for the energy conversion devices, such as heat pumps, electric coolers and absorption chillers, are as follows [27] , [28] :
where p input (t) is the input power, η tran is the conversion efficiency, p output (t) is the output power, and p max output /p min output is upper/lower limit of p output (t).
5) ENERGY SUPPLY AND DEMAND BALANCE CONSTRAINTS
The electrical energy supply and demand balance equation is as follows:
L e (t) + p es (t) + L vc,ch arg e (t) + p es,ch (t) + p e,input (t)
= p e,chp (t) + p e,pv (t) + p es,dis (t) + p eb (t) (16) where L e (t) is the electricity load of production, and p e,input (t) is the input electrical power of the energy conversion devices. The thermal energy supply and demand balance equation is as follows:
where L h (t) is the heat load of production, p h,input (t) is the input thermal power of the energy conversion devices, and p h,output (t) is the output thermal power of the energy conversion devices. The cold energy supply and demand balance equation is as follows:
where L c (t) is the cooling load of production and p c,output (t) is the output cold power of energy conversion devices. The optimal scheduling model proposed in this paper is a type of binary mixed integer linear programing (MILP) model and can be solved with MATLAB software and the CPLEX toolbox.
V. SIMULATION ANALYSIS A. BASIC DATA
Taking an industrial park as an example, an RIES with a joint virtual energy storage system is set up to realize optimal economic dispatching under the summer refrigeration scenario within one day. The value of t is set to 0.25 hours (15 minutes), and the total number of daily scheduling periods, D, is 96. The industrial park consists of a production area (total building volume is 7200 m 3 ), refrigerated area (total building volume is 134400 m 3 ), official area (total building volume is 55200 m 3 ) and a charging station in the parking lot, which has 100 charging piles. The charging power of a charging pile is 20 kW. The main parameters of the buildings in the industrial park are shown in Table 1 . The main production and office hours of the industrial park are set to be from 8:00 to 20:00. EVs in industrial parks include transport vehicles, private vehicles and official vehicles. In this paper, the value of γ h is set to 0.03 according to [16] . The main parameters and probability distributions (domain of time variables is [0,96]) of EVs are shown in Table 2 . The typical summer climate data from southern China are shown in Fig. 2 .
Considering the influence of the angle of actual solar radiation and the orientation of the windows of different buildings on the indoor temperature, the value of Sc is set to 0.45, the value of air density is 1.2 kg/m 3 , and the value of the specific heat capacity of air is 1000 J/(kg. • C) [20] . The variation curves for the thermal power of objects in the buildings are shown in Fig. 3 .
The energy prices (the electrical power sale price at time t is set to be 0.8 times the electrical power purchase price at time t) and the parameters of the main devices are shown in Table 3 [16] . The operational and maintenance costs of devices are shown in Appendix A, Table 6 , and the typical daily loads of the industrial park are shown in Appendix A, Fig. 14. These parameters of devices are extracted from the fitting of actual operation data. Weather data and load data are typical data clustered from actual data.
To verify the optimized operational effect of an RIES with the application of a joint virtual energy storage system, five summer operational modes are simulated.
Mode 1: Without the application of a joint virtual energy storage system, the RIES is used to supply energy to the industrial park. According to the ''first come first served'' protocol, the charging demands of EVs in the regional charging stations should be satisfied as soon as possible. The ACLs in the production area and official area keep the indoor temperature at 22.5 • C from 8:00 to 20:00. The indoor temperature of the refrigerated area is set to 0 • C for the whole day.
Mode 2: With the application of a joint virtual energy storage system, the RIES is used to supply energy to the industrial park. Regional charging stations arrange charging plans considering factors such as the electricity price and peak-valley difference of the charging load to meet charging demands during the parking time of EVs. ACLs exploit the heat storage capability of buildings and adjust the indoor temperature of buildings within the temperature comfort range of each area.
Mode 3: With the application of a joint virtual energy storage system, the RIES is used to supply energy to the industrial park. The capacity of battery and heat tank is reduced to 80% of Model 1 (Battery:640 kW.h, Heat tank: 800 kW.h).
Mode 4: With the application of a joint virtual energy storage system, the RIES is used to supply energy to the industrial park. The capacity of battery and heat tank is reduced to 50% of Model 1 (Battery:400 kW.h, Heat tank: 500 kW.h).
Mode 5: With the application of a joint virtual energy storage system, the RIES is used to supply energy to the industrial park. The capacity of battery and heat tank is reduced to 20% of Model 1 (Battery:160 kW.h, Heat tank: 200 kW.h).
In this paper, a Monte Carlo simulation is used to generate 10000 scenarios to simulate the operation of 330 EVs in the industrial park. The 10000 scenarios are integrated into 10 typical scenarios with the scenario reduction method. The probabilities of the typical scenarios are shown in Appendix A, Table 7 .
B. ANALYSIS OF THE SIMULATION RESULTS
Through simulation, the expected optimization results (96 scheduling periods per day) of the objective functions of the two modes are shown in Table 4 .
C. ANALYSIS OF THE SIMULATION RESULTS
The analysis of the optimization results shows that the environmental impacts of an RIES with different operational modes are similar, so the carbon taxes are similar. However, Mode 2 uses a joint virtual energy storage system to arrange the ordered charging of the EVs, realizes load translation, reduces the peak-valley difference of charging loads, and alleviates the impact of the charging behavior of EVs on the power grid. At the same time, the indoor temperature is adjusted reasonably within the temperature comfort range to optimize the ACLs and improve the utilization of the cogeneration system.
Compared with Mode 1, the fuel cost of Mode 2 is greater, but the power purchase cost is reduced. The total daily cost of Mode 1 is $6409.57, and the total daily cost of Mode 2 is $6216.51. The total daily cost of Mode 2 is 3.01% smaller than that of Mode 1. After the application of joint virtual energy storage system, the economy operation of RIES is improved.
In Mode 3, Mode 4 and Mode 5, the joint virtual energy storage system is applied in RIES. And the capacity of batteries and heat tanks is reduced. In Mode 3 and Mode 4, although the capacity of real energy storage equipment is reduced, the daily total cost is still smaller than Mode 1 under the regulation of the joint virtual energy storage system. But in Mode 5, the capacity of battery and heat tank is reduced to 20% of Model 1 and the daily total cost is greater than Mode 1. It can be seen that the joint virtual energy storage system can reduce the demand for real energy storage equipment capacity and ensure the economy of the RIES. However, whether joint virtual energy storage can completely replace energy storage equipment still needs to be analyzed according to the actual situation of different systems.
In this paper, the probability of typical scenario 8 is highest in the 10 typical scenarios. It is selected to analyze the RIES operational situation and the operational characteristics of the joint virtual energy storage system from the perspective of electrical energy and thermal energy.
In typical scenario 8, the simulation results of Mode1 and Mode2 are compared to analyze the application effect of the joint virtual energy storage system. Fig. 5 show the results of the hourly electrical power dispatching of the RIES converted from 96 optimization periods to 24 hours.
1) ANALYSIS OF ELECTRICAL ENERGY COMSUPTION

Figs. 4 and
Without a joint virtual energy storage system, from 9:00 to 22:00, the electrical power supply mainly depends on the gas turbine, photovoltaic power supply and distribution network. From 0:00 to 8:00, the electrical power supply mainly depends on the distribution network in valley time price periods. From 0:00 to 8:00 and 15:00 to 16:00, the peak period of the electricity load is close to the peak period of the disordered charging load of the EVs. Therefore, the industrial parks still need to purchase electricity from the distribution networks during the peak and flat time price periods, and the power utilization during the valley time price periods is not sufficient, which causes problems with high power purchase costs and large peak-valley differences.
After the application of the joint virtual energy storage system, the overall operation of the gas turbine, photovoltaic array and power purchase from the distribution network did not change significantly. From 8:00 to 12:00, the regional charging station arranges the EV charging according to different electrical power demands and parking times to form a virtual electrical energy storage system. This charging strategy reduces the electricity purchases during the peak time price period and makes full use of the gas turbines, photovoltaic arrays, and batteries to meet the electrical power demand in this period. In addition, the load translation also enables the system to sell redundant power from 20:00 to 21:00. The application of the virtual electrical energy storage reduces the power purchase costs and the peak-valley difference. Fig. 6, Fig. 7 show the detailed dispatching results of the virtual electrical energy storage system. Fig.6 shows that the virtual electrical energy storage system can be flexibly ''charged'' and ''discharged'' under the premise of meeting the power demands of EVs. The valley time price periods are regarded as the main ''charge'' periods, and the flat time price and peak time price periods are regarded as the main ''discharge'' periods. Thus, the economics is improved and the load distribution is more uniform through the ''charge and discharge'' dispatching. Fig.7 shows the number of different types of EVs charged in regional charging station at different time periods. By analyzing the types and quantities of charging EVs at different time periods, it can be concluded that the station charges the transport vehicles and official vehicles with large power demands and short parking times in the valley time price and flat time price periods and rationally arranges the private vehicles with long parking times and small power demands to charge in the working time to achieve the dispatching function of balancing economic operation and reducing peak-valley differences.
2) ANALYSIS OF THERMAL ENERGY COMSUPTION Fig. 8 and Fig. 9 show the results of the hourly thermal power dispatching of RIES converted from 96 optimization periods to 24 hours.
Without a joint virtual energy storage system, the heat load under the refrigeration scenario is mainly the input energy of the absorption chillers. With the change of the outdoor temperature and solar radiation intensity, the load has a double-peak trend. From 0:00 to 8:00, the thermal energy is mainly supplied by the heat pumps, and from 9:00 to 22:00, the thermal energy is mainly supplied by the gas turbines. The cooling load for production in the park and ACLs must maintain the temperature at a specific temperature, which makes the heat loads stay at a high level for a long time. The function of the heat tank is to store a small amount of thermal energy for a long period of time and concentrate the energy release when the output of the gas turbine is insufficient.
After the application of a joint virtual energy storage system, the heat load is still in a double-peak trend, but during the working time, the indoor temperature is adjusted within the acceptable range. From 10:00 to 17:00, the heat load has been reduced and is in a relatively stable state of change, so the heat tanks can be more flexible in charging and discharging energy and improving the economics of the heat supply process. Fig. 10 and Fig. 11 show the detailed dispatching results of the virtual thermal energy storage system. Different areas operate as virtual energy storage for different periods but show the same characteristics: in low electricity price periods, indoor temperatures will be set at a lower level; in high electricity price periods, indoor temperatures will be set at a higher level to reduce refrigeration energy consumption and operational costs. The virtual thermal energy storage consisting of the buildings is characterized by continuous ''discharged'' after ''charged'' in high power periods instead of continuous ''charged'' because the heat storage capability of the buildings is greatly affected by solar radiation and the outdoor temperature. If the virtual thermal energy storage system is not ''discharged'' soon after "charged'' or the virtual thermal energy storage system is continuously ''charged'', the stored energy will dissipate, and the buildings can't play the role of energy storage equipment.
3) ANALYSIS OF THE RIES OPERATIONAL STABILITY
By analyzing the supply and demand of electricity and heat in the RIES, it can be seen that the production schedule, weather, energy price and other factors will have different impacts on electricity demands and heat demands. These factors will lead to different trends of electricity demands and heat demands, bringing complexity to the multi-energy conversion and dispatching of an RIES. In this paper, the ratio of thermal energy demand to electrical power demand, called the heat-electricity ratio, is used to measure the stability of a multi-energy operation [10] . The heat-electricity ratio curves of five modes in an industrial park are shown in Fig.12 .
The operation stability of the system can be obtained by analyzing the fluctuation of the heat-electricity ratio of the system. The standard variance of the heat-electricity ratio curves is shown in Table 5 . In Mode 1, the standard variance is 0.77. In Mode 2, the standard variance is 0.46, and the fluctuation of the heat-electricity ratio is significantly reduced. The application of the joint virtual energy storage system can optimize the operation of the electrical and thermal systems through load regulation and translation. By coordinating the charging and discharging processes of electrical and thermal energy, the joint virtual energy storage system can also stabilize the heat-electricity ratio. It shows that the joint virtual energy storage system can reduce the difference between the changing trends of different energy demands, and the difficulty of energy conversion is reduced. Therefore, in Mode 3, Mode 4 and Mode5, the capacity of batteries and heat tanks is reduced, but the stability of the RIES is still improved.
VI. CONCLUSION
By analyzing the theory of virtual energy storage and taking summer scenarios of an industrial park as an example, a virtual electrical energy storage and virtual thermal energy storage system is constructed with EV charging stations and buildings. Applying the joint virtual energy storage system to an RIES, an optimal scheduling method is proposed in this paper. The conclusions are as follows:
1) By dispatching the charging load of EVs in different periods, the virtual electrical energy storage system reduces the power purchase costs. Through transferring the ACLs in the buildings during different periods, the virtual thermal energy storage system makes full use of the cogeneration system. Thus, the economic level of the whole system is improved. The application of joint virtual energy storage system can reduce the demand for the capacity of real energy storage equipment in RIES. If the application of joint virtual energy storage system is considered in RIES planning and construction, the construction cost of real energy storage can also be reduced to a certain extent. The RIES with joint virtual energy storage system can play a more important role in the process of sustainable development. 2) Arranging the charging process of the EVs in the charging stations can realize orderly charging and discharging of the virtual electrical energy storage system. Adjusting the indoor temperature within the temperature comfort range can realize charging and discharging management of the virtual thermal energy storage system. The joint virtual energy storage system reduces the peak-valley differences of the loads and the variation trend of the different energy demands. The heat-electricity ratio of the system is stabilized, and the operational stability of the RIES is improved. 3) The main factors affecting the operations of the virtual electrical energy storage systems are the power demands and the parking times of the EVs. These factors affect the charging and discharging flexibility of the virtual electrical energy storage systems. EVs with long parking times and large charging demands are generally arranged to charge in the valley or flat price time periods to improve the operational economics. EVs with long parking times and low charging demands are generally arranged to charge at various periods to reduce the peak-valley difference of charging load. The virtual electrical energy storage systems are not limited by high operational costs and limited charging and discharging times. It can reasonably arrange the charging behavior of the EVs according to the electricity prices and play a more flexible and significant role in load translation. 4) The operational effectiveness of the virtual thermal energy storage system is mainly affected by the temperature comfort range, sunshine intensity and outdoor temperature. The operational effectiveness of the virtual thermal energy storage system is mainly affected by the temperature comfort range, solar radiation intensity and outdoor temperature. The operational characteristics of a virtual thermal storage system show that it can be ''discharged'' continuously after being ''charged'' at high power. However, it cannot be continuously ''charged'' because the energy dissipation of the virtual thermal storage system is faster than that of the heat tanks.
The sensitivity of the parameters, such as the sensitivity factors of users, is not thoroughly analyzed in this paper. The comprehensive effects of the parameter selection for the virtual energy storage model on the operational optimization results need to be studied in future works.
APPENDIX A
See Tables 6 and 7 .
APPENDIX B
See Figures 13 and 14 .
The principle of scenarios reduction method The probability of scenario s is p s (s = 1, 2, . . . , N , p s 0), and the probability sum of N scenarios is 1. Generally, the value of p s is 1/N . x s is the scenario element in the scenario set matrix X S . D s,s is the distance between scenario s and s . Set S is the initial set of scenarios and set R is the set of reduced scenarios. The main steps of scenarios reduction method are as follows:
Step 1: Calculate the distance D s,s = D( x s , x s ) of each two scenarios.
Step 2: For scenario k, obtain the nearest scenario r to scenario k, that is, D k (r) = minD ks , where k and r belong to set S, but k = r.
Step 3: Calculate probability distance PD k (r) = p k * D k (r), where k belongs to set S. Find out the scenario d in k, so that PD d (r) = min PD k (r).
Step 4: Let S = S − {d}, R = R + {d}, where the probability of remaining scenarios in set Sp r = p r + p d .
Step 5: Repeat step 2 to step 5 until the remaining scenarios meet the number of typical scenarios.
In step 4, p r = p r + p d ensures that the sum of the probability of remaining scenarios is equal to the sum of the probability of scenarios before reduction, and the probability of reduced scenarios becomes 0.
